These studies examined regulation of superficial proximal convoluted tubule (PCT) transport as a function of length. When single nephron glomerular filtration rate (SNGFR) increased from 28.7 +/-0.7 nl/min in hydropenia to 41.5 +/-0.4 nl/min in euvolemia, bicarbonate, chloride, and water reabsorption in the early (1st mm) PCT increased proportionally: from 354 +/-21 peq/mm X min, 206 +/-55 peq/mm X min, and 5.9 +/-0.4 nl/mm X min to 520 +/-12 peq/mm X min, 585 +/-21 peq/mm X min, and 10.1 +/-0.4 nl/mm X min, respectively. These high transport rates did not increase further, however, when SNGFR went to 51.2 +/-0.7 or 50.7 +/-0.6 nl/min after atrial natriuretic factor or glucagon administration. Anion and water transport rates in the late PCT were lower and exhibited less flow dependence. During chronic metabolic alkalosis, acidification was inhibited in the late but not early PCT. In conclusion, the early PCT is distinguished from the late PCT by having high-capacity, flow-responsive but saturable, anion-and water-reabsorptive processes relatively unaffected by alkalemia.
Introduction
The rat proximal convoluted tubule (PCT)' exhibits structural and functional differences along its length (1) (2) (3) . The early PCT is distinguished by having cells (Si subtype) with greater membrane surface area and more mitochondria (1) and by having greater avidity for reabsorption of several solutes, including glucose, amino acids, and phosphate, than cells (S2) resident in the late PCT (2, 3).
We recently extended this description of axial heterogeneity by examining free-flow anion reabsorption along the length of the superficial PCT in hydropenic rats. The early PCT reabsorbed bicarbonate at a greater rate than has been observed in the late PCT (4), even when the latter has been presented with similar bicarbonate loads by means of microperfusion (5, 6) . The high rate of acidification in the early PCT has been confirmed (7, 8) . In addition, we demonstrated that the early PCT was capable of reabsorbing chloride at a substantial rate (4), a surprising finding inasmuch as minimal chloride transport in this nephron Portions ofthis work were presented at the Western Section and National Meetings of the American Federation for Clinical Research and have been published as abstracts (1986. Clin. Res. 34: 109A and 698A).
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1. Abbreviations used in this paper: ANF, atrial natriuretic factor; GFR, glomerular filtration rate; PCT, proximal convoluted tubule; SNGFR, single-nephron glomerular filtration rate.
segment was expected based on previous theoretical considerations (9) . However, the reabsorptive kinetics of these robust anion transport processes in the early PCT in response to change in luminal flow and substrate delivery rate have not been clearly defined. Conflicting conclusions have been advanced recently regarding the saturability ofearly PCT bicarbonate reabsorption under physiological conditions as load is increased (8, 10 ). Although microperfusion studies have demonstrated saturability of acidification in the late PCT in vivo (5, 6) , the early PCT has not been examined. Another issue that has not yet been addressed is whether chloride transport in the early PCT can increase when flow rises (1 1). Flow dependence of chloride transport has been found to occur in some (12) (13) (14) , but not other (14) (15) (16) , microperfusion studies of the late PCT in vivo. In addition to the quantitative and possible kinetic differences with regard to luminal determinants of anion transport in the early versus late PCT, there may also be axial differences in control oftransport by peritubular factors. It has been proposed, for instance, that alkalemia suppresses late, but not early, acidification (17, 18) . Such differential regulation has been posited because of the findings that bicarbonate absorption in the late PCT determined by in vivo microperfusion was markedly inhibited during metabolic alkalosis (19) , whereas total bicarbonate reabsorption over the entire length of the PCT determined by free-flow micropuncture was not substantially altered by alkalemia (20) .
The first purpose of the present studies was to compare the flow dependency ofbicarbonate, chloride, and water reabsorption in the early versus late superficial PCT. Anion and water transport was examined over the entire length of the tubule by the retrograde, sequential free-flow micropuncture technique (developed in this laboratory) as single nephron glomerular filtration rate (SNGFR) was systematically altered in increments of -1O nl/min. Axial PCT transport during the volume-contracted, low-SNGFR condition of hydropenia was compared with proximal transport during the normal-SNGFR condition of euvolemia and finally with the high-SNGFR condition induced by administration ofeither atrial natriuretic hormone (ANF) or glucagon. The use of vasoactive hormones, ANF and glucagon, for this purpose is predicated on the assumption that they raise SNGFR but do not independently alter proximal transport. The lack of direct effect by ANF on the proximal tubule is supported by several lines ofevidence: (a) there are no extraglomerular cortical ANF receptors (21, 22) ; (b) the second messenger for ANF, cyclic GMP, is not produced by the PCT either in vivo (23) or in vitro (21, 24, 25) , and the PCT has no particulate guanylate cyclase (21, 25) ; and (c) all micropuncture and microperfusion studies to date both in vivo (26) (27) (28) (29) and in vitro (30) have failed to show any direct effect by ANF on solute or volume transport in the PCT independent of flow rate. Similarly, glucagon causes no increase in its second messenger, cyclic AMP, in the proximal tubule (24, 31) and does not affect proximal sodium transport (32).
Our second purpose was to test the prediction that acidification in the late, but not early, PCT is suppressed by alkalemia ( 17, 18) . For this purpose, bicarbonate reabsorption in the early and late PCT was compared during normal and alkalotic conditions at comparable filtered bicarbonate loads.
Methods
Free-flow micropuncture studies were performed in 27 Munich-Wistar rats. We employed the technique previously developed in this laboratory by which multiple punctures are made sequentially along the entire length of the superficial PCT in a retrograde fashion, from the end-proximal tubule to Bowman's space (4) . This technique permits assessment of the axial profiles of bicarbonate, chloride, and volume transport.
Protocols
The first four protocols were designed to systematically alter SNGFR from subnormal to normal to supernormal levels to assess the effect of changes in luminal flow rate on segmental anion and water reabsorption. The last protocol, in which chronic metabolic alkalosis was induced, was performed to permit comparison of segmental bicarbonate reabsorption in alkalotic and normal animals with similar filtered bicarbonate loads.
Group 1: hydropenia. The results of studies in 10 hydropenic rats on a normal diet have been reported previously (4) and are repeated here for comparison with the other groups. Surgically induced plasma volume loss was not replaced so that SNGFR was subnormal (33) .
Group 2: euvolemia. Six rats were studied in which the plasma volume contraction incurred by the micropuncture preparatory surgery was corrected by isoncotic plasma infusion, as previously described (8, 33) . Isoncotic plasma obtained from donor sibling rats maintained identically to the rat under study was given as an infusion of 1.3% body weight over 45 min and then as a sustaining infusion of 5 Mtl/min to maintain a normal plasma volume and SNGFR.
Group 3: ANF. After the achievement of the euvolemic state in five rats, an intravenous infusion was begun of synthetic, rat ANF (Auriculin B, 25 amino acids: arg126 to tyr150 residues, generously provided by Dr.
J. Lewicki, California Biotechnology, Inc., Palo Alto, CA). ANF was given as a bolus of 5 Mug/kg followed by a sustaining rate of 0.5 Ag/ kg. min in a bicarbonate Ringer's solution at a rate (30 Ml/min) sufficient to replace urinary solute and volume losses (23, 26, 29) . ANF used in this manner causes a stable state of glomerular hyperfiltration (23, 26, 29) .
Group 4: glucagon. The same protocol as for group 3 was followed except that glucagon was given as a bolus of 10 Mig/kg followed by a sustaining rate of 1.0 Mg/kg. min at 50 Mil/min. Group 5: chronic metabolic alkalosis. As previously described (20) , six rats were maintained for 2 wk on a standard liquid electrolyte-deficient diet (40 ml/day) supplemented with Na2SO4 (2.6 meq/d) and injected with 0.5 mg/d deoxycorticosterone acetate i.m. Surgically induced plasma volume losses were replenished prior to micropuncture. Rats prepared in this way have hyperbicarbonatemia with reduction in SNGFR.
Micropuncture technique
The rats were prepared for micropuncture as previously described (4, 20, 23, 26, 33, 34) . Briefly, the animals were anesthetized with Inactin (100 mg/kg, i.p.) and placed on a thermostatically controlled (37°C) micropuncture table. Catheters (PE-50) were inserted into the femoral artery for blood sampling and into a jugular vein for inulin infusion. A tracheostomy was performed. The abdomen was opened by a midline incision, the kidney was stabilized and bathed in warmed saline (37°C), and the ureter was cannulated. A 20-min equilibration was allowed to elapse.
A surface glomerulus was then located. A small pipette was inserted into Bowman's space and a small droplet of oil stained with Sudan black was injected. The course of the injected oil droplet was carefully observed and mapped. Only glomeruli followed by at least six to seven surface proximal convolutions were used. The localization pipette was withdrawn and 1 h was allowed to elapse, which we have previously shown is sufficient time for the hole in Bowman's space to seal (4) . The plasma volume in groups 2-4 was then replenished as described above and a [3Hlmethoxyinulin infusion commenced (25-50 tiCi bolus, then 50-100 gCi/h in bicarbonate Ringer's solution at 0.8-1.6 ml/h).
After an equilibration time of at least 1 h, sequential, timed 3-8-min collections were begun using 7-9-,gm OD glass pipettes. They started at the end-proximal convolution and worked in a retrograde fashion to Bowman's space. Because of the special interest in these studies in early PCT transport, care was taken to obtain at least one sample within the estimated initial mm of the tubule.
After 5 h, to allow the tubule puncture sites to seal, Microfil (Canton Biomedical Products, Boulder, CO) was injected into Bowman's space to fill the entire tubule. At a later time, the kidney was incubated for 30-40 min in 6 N HCL. The cast of the tubule was dissected, with the multiple puncture sites identified using the initial localization map, and it then was photographed. The entire accessible proximal tubule length (glomerulus to the last puncture site) and the length to each puncture site were measured and recorded.
Analysis
The volume ofcollected tubule fluid samples was determined by injecting them into constant-bore capillary glass tubing with a known volume per length and measuring the length occupied. Aliquots of the fluid were used to measure inulin by scintillation counting, total CO2 by microcalorimetry (35) , and chloride by the microtitrimetric method of Ramsay et al. (36) , as previously described (4, 20, 23, 26, 33, 34) . For ease of presentation, bicarbonate is used to represent total CO2 content oftubular fluids and urine under physiologic conditions.
Calculations
The SNGFR was estimated as the product of the flow rate at a given point multiplied by the corresponding inulin concentration ratio (tubular fluid/plasma water). SNGFR values in the text refer to mean determinations, but there were no systematic changes in SNGFR as a function of length of time, as previously documented (4) . Water reabsorption at a given point was the flow rate at that point subtracted from the SNGFR. Bicarbonate and chloride reabsorption were the filtered load (anion concentration in Bowman's space multiplied by the SNGFR) minus the anion delivery at that point (anion concentration multiplied by the flow rate). Reabsorption at a given length (e.g., 1 mm) was estimated by interpolation between the two closest measured data points to that length for each tubule. The fractional reabsorption for a given nephron millimeter segment was calculated as the anion or volume reabsorption of that millimeter segment divided by the delivery of anion or volume to that segment. All data are expressed as mean±SEM. Statistical comparisions between groups were made using the unpaired t test.
Results
General. As shown in Table I , all groups had similar values for animal weight and for total length of the accessible superficial PCT (-5 mm). Mean values for SNGFR in groups 1-4 differed from each other by increments of 10 nl/min whereas plasma anion concentrations were stable. In group 5 with chronic met- Table  II and Fig. 1 A and B, a progressive increase in luminal flow rate in groups 1-4 resulted in lesser depression in the luminal bicarbonate concentration and tubular fluid/glomerular ultrafiltrate (TF/UF) concentration ratio as a function of length.
In the transition from hydropenia to euvolemia (groups 1 and 2), the rise in filtered bicarbonate load (740±31 to 1,135±9 Fig. 4 ).
In the 2nd mm, the increase in flow rate resulted in a smaller rise in transport and fractional reabsorption of the delivered load fell. In the 3rd to 5th mm, bicarbonate reabsorption was lower than in the 1st mm in hydropenia, expressed in both absolute (Figs. 2 and 3) and fractional (Fig. 4) Table III and Fig. 5 , bicarbonate reabsorption was similar in the alkalotic group (circles) in the 1st mm, 565±12 peq/mm * min, compared with the normal pH groups (triangles). The same was true for the 2nd mm. However, bicarbonate reabsorption was reduced by 20-40% in the alkalotic animals in each of the 3rd-to 5th-mm segments despite higher luminal bicarbonate concentrations (Table II) [1] [2] [3] [4] (Table II and Fig. 1 A and  B) and increased somewhat in the alkalotic group 5 animals (Fig. 1 C) .
Compared with hydropenia (hexagons), when filtered chloride load was increased in euvolemia (group 2), chloride transport in the 1st mm almost tripled, to 585±21 peq/mm * min (squares, Fig. 7 and solid squares, Fig. 8 ), and fractional chloride reabsorption actually increased to 0.12 ( Fig. 9) . This flow-induced stimulation of chloride transport occurred to a similar degree Flow dependence of water transport. As SNGFR rose from hydropenia to euvolemia (groups 1 and 2), absolute water reabsorption in the 1st mm of the PCT increased markedly, from 5.9±0.4 to 10.1±0.4 nl/mm min (Table III and Fig. 12) . A quantitatively less flow-dependent response in absolute water reabsorption was observed in the remaining PCT (Figs. 10 and 11) so that water reabsorption as a fraction of delivered volume load for the 3rd to 5th mm declined (Fig.  12) . A further increase in SNGFR by ANF and glucagon (groups 3 and 4) evoked no change in absolute water reabsorption in the 1st mm and only small increments in reabsorption in the remaining PCT (triangles and inverted triangles, Figs. 10 and 1 1) so that fractional reabsorption of delivered volume load declined in all millimeter segments studies (Fig. 12) . The relatively poor load dependence of water transport in the late PCT agrees 
Discussion
These studies examined the response of the early versus late PCT transport systems for bicarbonate, chloride, and water to alterations in luminal flow rate and to luminal and peritubular anionic composition. In the following discussion, the early PCT will refer principally to the 1st mm of the superficial PCT.
Maunsbach (1) (Figs. 3 and 6 ). The saturability of early PCT bicarbonate reabsorption in the physiologic range of filtered bicarbonate loads is consistent with the conclusion reached by Corman et al. (10), though they did not directly measure bicarbonate reabsorption in the early PCT, but is in apparent contradiction with the conclusion ofMaddox and Gennari (8) . In the latter work, however, a systematic examination of bicarbonate reabsorption in the initial millimeter of the PCT at high bicarbonate deliveries was not undertaken. At a filtered bicarbonate load of 1,200-1,600 peq/min, Maddox and Gennari reported that bicarbonate reabsorption at 1 mm of tubule length was -550 peq/min, in excellent agreement with our results. To examine the reabsorptive response to a further increase in flow rate, data were reported for volume ex- cr panded animals in which filtered bicarbonate load exceeded 1,600 peq/min. However, only three data points for bicarbonate reabsorption within the 1st mm at these high filtered bicarbonate loads were presented; one of the points was below and two were above the level that had been already described for bicarbonate reabsorption at the lower filtered load of 1,200-1,600 peq/min.
Thus, a rigorous conclusion regarding the saturability of acidification in the initial millimeter ofthe PCT could not be reached from data presented in that work. There are two interesting differences between the acidification rates in the early and late PCT. The first difference is that the level of saturation of bicarbonate transport is achieved in the early but not late PCT by the filtered bicarbonate load that occurs in a normal euvolemic animal. An increment in filtered bicarbonate load above normal (e.g., as induced by ANF or glucagon) results in further bicarbonate reabsorption solely in the late PCT. Maintenance of proximal glomerulotubular balance for bicarbonate reabsorption (flow-dependent acidification) at supernormal flow rates is therefore a function of the late but not early PCT. The second, more important, difference is that the absolute magnitude of the bicarbonate reabsorptive capacity in the early PCT, about 550 peq/mm min, is two and one-half to three times the maximal rate in the late PCT (5, 6, 19) . In fact, early PCT acidification capacity is more than 1 order of magnitude higher than maximal rates which have been reported in any distal nephron segment under normal conditions (2, 3).
The present studies did not elucidate whether such high rates of acidification in the early PCT were effected by amplification of the same processes resident in the late PCT. SI cells have greater membrane surface area (1) and could potentially contain more ofthe same luminal and peritubular transporters required for acidification in the S2 cells. It is also possible that the early PCT might recruit a different mechanism for boosting bicarbonate reabsorption (37) . Further work will be required to identify the mechanism(s) responsible for the higher early PCT acidification process and to provide a more precise definition of the kinetics of transport in this segment than can be obtained using free-flow micropuncture techniques.
When taken together, the micropuncture and microperfusion data have shown that bicarbonate reabsorption of the entire superficial PCT can eventually be saturated in response to progressively increasing luminal flow. If maximal rates oftransport in each ofthe five 1 mm segments are sequentially taken as 550, 350, 200, 200, and 200 peq/mm * min from Fig. 3 , a maximal reabsorptive capacity of the entire PCT would be -1,500 peq/ min. This rate ofbicarbonate reabsorption is never reached under physiologic free-flow conditions because the requisite SNGFR (.75 nl/min) and filtered bicarbonate load (.2,000 peq/min) cannot be acutely achieved. At lower, physiologic SNGFRs, bicarbonate reabsorption in the entire proximal convoluted tubule demonstrates very good flow dependence (8, 17, 33) . Nevertheless, it would seem reasonable to consider bicarbonate transport kinetically similar (load-dependent but saturable) to transport processes for other sodium cotransported solutes in the PCT (e.g., glucose and amino acids). (19) . Inhibition of bicarbonate reabsorption was observed despite concurrent high luminal bicarbonate concentration (two to three times normal), potassium deficiency, and extracellular volume contraction (5, 17) . Alkalemia resets the maximal rate of late PCT acidification and prohibits further stimulation by yet higher luminal bicarbonate concentration (19) . Alkalemia suppresses late PCT acidification (19, 38, 39) (20, 34) is critical for the maintenance of the alkalotic state by preventing filtered bicarbonate load from exceeding the PCT reabsorptive capacity.
Axial heterogeneity of chloride transport. Chloride transport in the late PCT is effected by parallel active and passive processes (9, 11, 41, 42) . Transcellular transport of chloride is electroneutral and exquisitely sensitive to the peritubular protein concentration (9, 11, 41) . Paracellular chloride transport is governed by the magnitudes of the junctional chloride permeability and the transepithelial electrochemical gradient, principally the chloride concentration gradient (9, 11) . Contradictory microperfusion evidence has been presented on whether active chloride transport in the late PCT is (12) (13) (14) or is not (14) (15) (16) Chloride transport in the early PCT differed from that in the late PCT both quantitatively and qualitatively. First, there was a marked augmentation in chloride transport in transition from the low filtered chloride loads of groups 1 and 5 to the normal level of group 2 (Figs. 7 and 8 ), unrelated to chemical concentration gradients. The fractional chloride reabsorption actually rose to as high as 0. 12 ( Fig. 9) . Indeed, as chloride load increased to the euvolemic level, most ofthe increment in absolute chloride reabsorption for the entire PCT, 544 peq/min (from 1,404±189 to 1,948±175 peq/min), was attributable to enhancement of chloride transport in the initial millimeter (379 peq/min). A further increase in chloride load with ANF or glucagon induced no more chloride transport, indicating apparent saturation of this process. Puzzling aspects of the load-dependent chloride reabsorptive response in the early PCT include the fact that the fractional rate of transport actually increased as delivery rose and transport in the 2nd mm required a lower delivered load for augmenting transport than the 1st mm. Second, the maximum rate of chloride reabsorption in the 1st mm was very high, 585 peq/mm* min, similar to the rate of bicarbonate reabsorption in this segment and even rivalling the rate of chloride transport in the thick ascending limb of Henle (43) .
The mechanism(s) responsible for this robust and flow-dependent chloride reabsorptive process in the early PCT was not defined in the present experiments. The early PCT may possess more ofthe presently unidentified transporters that effect chloride transport in the late PCT (e.g., more apical NaCl cotransporters or parallel exchangers such as Na+/H' and Cl-/OH-or Na+/ H' and Cl-/formate-with appropriate increase in peritubular transport systems) (42, 44) . Alternatively, a different mechanism may be responsible for this early flow-dependent PCT chloride transport. For instance, there may substantial electrodiffusion of chloride in the early PCT, driven by the lumen-negative potential difference generated by sodium-coupled organic reabsorption. Such a mechanism for chloride transport coupled to electrogenic organic reabsorption has been thought unlikely for the rabbit early PCT (9) because a lumen-negative potential difference in the setting of a high sodium/chloride permeability would simply result in sodium recycling. However, appropriate permeability measurements have not yet been performed in the rat.2 Such a mechanism would explain the early PCT chloride 2. The quantity of organics reabsorbed in the early PCT can be estimated if it is assumed: (a) that the constituents of the reabsorbate besides sodium bicarbonate and sodium chloride are principally organics solutes; and (b) that the reabsorbate is approximately isosmotic (300 mosmol/kg H20) (44) . The organic solute flux can then be estimated as (300XH20 reabsorption) -2(HCO-+ C1-reabsorption), and was 656, 820, 902, and 522 pmol/mm * min in the 1st mm of the PCT in groups 14, respectively.
These organic solute reabsorption rates would be more than sufficient to account for the quantity of chloride reabsorbed if the paracellular pathway in this nephron segment were relatively chloride-selective (9) . transport flow-dependence and saturability (in that transport of glucose and other organic solutes is flow dependent and saturable). Clearly, further study of this important-transport mechanism is required.
Axial heterogeneity of water transport. Water reabsorption in the PCT is effected principally by the osmotic gradient (luminal hypotonicity and possibly peritubular hypertonicity) generated by reabsorption of sodium bicarbonate, sodium chloride, and organic solutes (1 1, 45) . Flow dependence of volume reabsorption in the PCT has been of great investigative interest for many years (46) . In the late PCT during microperfusion, water reabsorption increases with load. However, the proportionality between water reabsorption and delivery has often been found not to be well maintained (46) (i.e., glomerulotubular balance has been less than perfect), in accord with the present results (compare dashed lines representing microperfusion data and symbols representing present free-flow data in Figs. 11 and 12) . In any event, the absolute rate of water reabsorption (<3 nl/ mm* min) and the reabsorbed fraction of water delivered in the late PCT as a function of water delivery (<0.1) were relatively low under all free-flow conditions.
In the early PCT, on the other hand, a rise in SNGFR and filtered solute loads from a hydropenic to a euvolemic level was accompanied by excellent load-dependent solute transport and water reabsorption. Water reabsorption increased to 10.1 nl/ mm* min in the euvolemic state, a rate four to five times higher than observed under normal conditions in the late PCT (5) (6) (7) (8) . This water reabsorptive rate exceeds that which normally occurs in any other segment of the entire nephron. In addition, the increase in absolute water reabsorption in the early PCT in the transition from the hydropenic to euvolemic state was proportional to the increased SNGFR; maintenance of excellent fractional water reabsorption at a high level (0.20-0.25). Glomerulotubular balance was perfect and fully a quarter of the glomerular ultrafiltrate was reabsorbed in the 1st mm of the nephron under conditions of low-to-normal SNGFR.
The early PCT reabsorbed a greater fraction of delivered volume than the late PCT and tended to exhibit better glomerulotubular balance in the low-to-normal SNGFR range. However, a further increase in SNGFR with ANF or glucagon revealed no higher water reabsorptive capacity and fractional water reabsorption then declined. This lack of flow-dependent reabsorption in both the early and late PCT when the SNGFR rose above normal caused a disproportionately large fraction (-80%) of the increment in filtered sodium and water load to be transmitted out of the PCT.
These findings emphasize the complicated nature of water reabsorption in the PCT: (a) there is an axial gradient in the capacity for solute and water reabsorption; (b) there appears to be a heterogeneous, nonlinear, water-reabsorptive response as a function of length to a change in luminal flow and anion composition; (c) and there can be differential regulation of solute and water reabsorption in the early versus late tubule by peritubular factors. Such complex kinetics and determinants of transport as a function of length may explain some of the disparity in reported results regarding flow dependency of whole PCT volume reabsorption (46) .
In conclusion, the early superficial PCT is distinguished from the late PCT by having high-capacity, flow-responsive but sat-urable, anion-and volume-reabsorptive processes relatively unaffected by alkalemia.
